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NATIONAL ADVISORY COMMITTEE “FOR AERONAUTICS

' ADVANCE CONFIDENTTAL REPORT

EFFECT OF A TRAILING-EDGE EXTENSION ON THE
CHARACTERISTICS OF A PROPELLER SECTION
By Theodore Theodorsen and (George W. Stlckle

SUMMARY

A convenlent technical method 1s presented to
evaluate changez in the airfoll characterlistics resulting
from ar sxteasicn of the chord et the tralling edge of a
propsllar blede section. The method determines the
change in the angie of zero 1ift, the ideal angle of
attack, and the differsence in these angles (upon which .
the design 1lift coefficient depends) as a function of the
angle snd length of the trailing-edgs extension. The
treatment 1s based dirently upon the thin-sirfoll theory
end 12 tbous concermned only with the mean cember line of
the sczilon., IExampler and dutailsd computations are
gl7on ©o 1llusirats ine application of the method. The
methcé is appllcable to all propslier sectlions and is
short enough to permit use in practical deslign.

INTRODUCTION

A flat sheet of metal 1s sometimes attached to the
tralling edge of a propeller blade in ordsr to increase
the propeller solidity for a given blade dealgn. The
addition of the flat sheet on the tralling edge of the
propeller blade changes the characteristics of the blade
section. The new characteristics are dependent upon
the angle of the extenslon, the length of the extension,
and the original alrfoll section, The problem of
determinling the angle at which the .sheet. should be added
and the effect of thls angle on the angle of zero,llft,the
1deal angle of attack, and the design 11ft coefficlent
i1s the subject of this papser. .

'  The 1deal angle of attack is defined as the angle
at which the front stagnation point 18 at the leading
edge of the airfoll. The design 1l1ft coefflclient 1a
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defined as the 1i1ft coefficlont of the alrfoll when set
at the 1desal angle of attack. If the deslgn 1ift coeffi-
clent, so defined, corresponds to the operating conéition
of the propeller sectlon, the alrfoll section has a
camber that glves 1t the highest critlcal. speed (best
pressure dlstribution) obtalnable for the cperating
condlition with the camber and thickness éistribution
which derine the alrfoll.

A relatlive change in the angles of zero 1l1ft of the
alrfoll sectlons along the propeller radius 1In effect
changes the p!tch distributlion of the »ropeller. The
angle of the trallling-edge extension thus permits some
sslectlon cf the pitch distribution of the propeller.
This report shows how this effect may bs evaluated.

The metxod of this rsport is based on the concert
of the exeminatlon of the mean camber line from thin-
airfoll theory of reference 1. The method has been
checked [or accuracy with ths more complete but more
difficult methecds of raferences 2 and 3 and found to
be In good azreement for thln zectlons as used on
proreller tlades,

Exparimental data on alrfoll sectlion 1ift coeffi-
clents a8 a funztlon of angle of attack are genersally
usad 1in analyzing propeller operation. Since experi-
mental data for alrfoll sectlons with extended flaps
are not avallable, thsoretical calculetions must be
used 1ln analyzling propeller operation with trailing-
edge extenslon flaps. Experlmental and theoratlcal
values of 1lift cosfflclent as a function of angle of
attack rarely are ln perfect agreement. The dlscrep-
ancy Increases wilth alrfoil sectlon camber and thlckness
end makes 1t difflcult to compare results when theo-
retical and experimental values are used together., TFor
this resson the difference Iin the alrfoil characteristlcs
between the orlginal and the extended alrfoll sectlons
are used in the sapplicatlon of the results of thls report
to propeller snalysis,

METHOD OF ANALYSIS

Calculation of the angle of zero 1lifL, the ideal
angle of attack, and the deslign 11ft coefficlent is
based on the examiﬁation of the mean camber 1llne of the
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alrfoll section. The method 1s edapted from reference 1,
which gives a discussion of 1its theoretlcal background
and valldity. The present paper applles the solutlion

to the particular problem of extended flaps on alrfoll
sections and presents the method in a form that makes

1t easlly applicable to thils smeclfic problem. The

steps 1n the procedure are as follows:

(1) Ohtatn the ordinate ¥ at an abacissa x of the
camher line of the alrfoll from a line jolring the ends
of the ocamter line.

(2) Calculate the funcetion P from

;2
P = £ 1
V x(1 ~ x) (1)

(3) Calculate ¢ for the nose of the alrfoll:

0.0125

1 1 P

€N = 5 2 ax - = dx (2)
0.0125% 0 x

The first term of equation (2) 1s integrated graphinally.
The second terma, which may be denoted as AEN or

0.0125
1 P
AGN- ;‘/Z ; dzx

al

lfo.oms ¥
TJo xVx(1 - x) (3)

may be evaluated, however, 1f the term 1 - x '1s taken
equal to unity., This substitution causes an error of
only 0.6 of 1 percent in the Aey term or approximately

0.2 of 1 percent in ¢€¢x. Then,

S
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An approximate equatlion for the part of the camber
line from x = 0 to x = 0,0125 may be written in the form
of

y=¢x = bx2

where ¢ 1s the slope of the camber line at x = 0,
and b is a constant that wlll make the ordinate at
X = 0,0125 equal to the v ordinate of the camnber

line. (See fig. 1l.)

It may be shown that the integral of equation ()
is equal to

2 2
Aey = —&= [yl + = (cxp - yl)J (5)
whers =x7 and y; ave the valuss of x and y at the

common limit of the graphlcal and analytlcal Integrations.
The valve of x at wh'ch the gravhlical integration 1s :
stcpped and the analytical hegun may be anywhera in the
-rogion ¢f x = 0.0125. When extecnslon flaps are added,
the most convenlent value 1s less than x = 0.0125.

(h) Calculate € for the tall of the sectlon in
the same manner as €y 18 calculated by revlaclng

x by 1 -x:

0.9875 1
e = 7 jn T GXZ*'%?“f Tz ax (6)
0 0.9875 .

(5) The angle of zero lift in degrees is given by
GZO = '57'5€T (7)

(6) The 1dsal angle of attack 1n degrees 1s gliven
by

ap = -28.6 (& + <x) (3)

(7) The difference between aj, and a1 1is the

angle upon which the design 11ft coefflclent depends.
If the slope of the 1lift curve a 1s known for the
sectlon, the design 1lift cosafficlent may be calculated by

oLy = a.(aI - az,o)- (9)

b L LS
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As was explained in the Introductlion, these com-
putations are most accurate-for values to bs used in
comparison of' the orizinal and tho extended airfoil
soctions. If used in this manner, the computaticns
give an accurate picture of the change in the operating
conditicns of the propeller sections when any angjle or
length of extension ias used. :

The method for two re»resentetive examples is given
1n the appendix and computations for four examples are
glven in tables I to IV. The examples are for an
NACA lé-series airfoil section and a Clark Y alrfoil sec-
tion. The N:iCA l6-series section has a design 1lift coef-
ficlent of 0.5 and, since only the mesan camber llne 1s
employed in the calculations, is desiznated 16-5XX, which
applies to an alrfoil of zero or any otvher thickness.

RTULTS AND DISCUSSION

—rer

Computations havs been made for an NACA 16-5:X air-
foll section with an extension of 20 percent of the chord.
The recsults are given in figure 2 es a function of the
angle of extenslou measured from a straight line joining
the erds of i{le mean camber line of the orisinal airfoil.,
The anzle of zero 1lift, ths ideal enzle of attaclr, and
the diirference between the two an;les uf the originel
airforl are shown in figure 2.! The anzle of extension
would have to be 9.7° to malze the angle of zero 1lift
equal to that ol the original airfoill, 13.%° to keep
the 1deal angle of attack unchanged, and 8- to make
the difference between the two angles the same, which
would wean equal design 1ift coefficlents for the

11t is inherent in the method that these calculated
angles are measured from a stralght line Joining the
extremitlies of the mean camber line of the extended air-
foll section. If it 1s desired to refer these angles to
the camber line of the origlnel airfoil section, the -
following formula glves the angular difference ay

between the two reference lines:
Extenslon lengt
Chord

Extension lengt
Chord

%) sin (Angle of extension)

tan'lal =

1+ %) cos (Angle of extension)
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originel and extended eirfolls., If the angle of
extension is mede 13.2° so that the ideal angle of
etteck remelins unchanged, breeskaway of the flow at low
1ift coefriclents might be encountered,

Figure 3 gives the results for a 20-percent extension
on & Clerk Y eirfoil of 1,83-percent cember, which corre-
sponds to s stenderd Clerk Y section of 6-percent
thickness. The angle of the eztenslon that glves
characterlistics equivalent to the origingl esirfcll 1is
seen to pe greetly reduced over that of flgure 2 beceuse
of the smell emount of cember for the originel slrfoll,

The results ere shown in figure 4 for a 20-percent
extension on & Clerk Y eirfoil of 5,49-percent cember,
wvhlch corresponds to a standerd Clark Y section of
approximately 18-percent thicknsss or to a double
cambered Clerk Y section of thinner section with a
design 1ift coefficilent between 0.6 snd 0,7. These
results were calculsted to investigate the effect of
cember slone.

The results for a 40-percent extension on e
Clerk Y airfoll of 5.%49-percent cember are presented
in figure 5. The eragle of the extension to mainteln
the sewno design 1ift ccefficlent as the basic elrfoll
1s gpproximetely the same for bcth the 20- and the
40 -percent extensions.

Figure 6 shows & comprrison of the a, end the

ay - a3, ourves for the four conditions lnvestigated.

It may be observed thet the slopes of the a curves
o

are ell epproximetely equel et a value of 0.35° per

degree of the angle of the extension. The resson for

this condition can be seen from examination of eque -

tions (6) end (7) along with Plgures 7 end 8. The velue
of o 1s defined by ey, eand from figure 8 it cen

be seen that the treiling edge of the airfoil is the
dominating factor in determining €me The ar = ay
o]

curves ere seen to vary more in slope ‘then the a,
o

curvea, Camber of the originel alrfoil sectlion merely
shifts the velue of alo for a glven extenslion engle,
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Thé iength of the extension hes the same effect as
cember, The longer the extension the less cember the
extended airfoil has for a given angle.

CONCLUSIONS

A convenient technlcel method has been presented
to eveluale changes in the sirfoll characteristics
resultlrig from en extension of the chord et the tralling
edge of a propeller blede section, The method determines
the change in the. engle of zero 1lift, the idesl angle of
etteck, snd the difference in these angles (upon which
the design 1ift coefficient depends) es a function of
the engls and length of the tralling edge extension end
permits the adJustment of the angle of the extenslon of
the chord to comply with any requirements regarding the
engle of zero lift or the design 1lift coefficlent,

It wes found that for the ceses considered the
cherecteristics obtelined by this short method were
actually I1n perfect egreement with deta celculeted by
the exect method of the arbltrery airfoll thiory,
This sgreement 1s, of course, not necesssrily true
for thick sectlons or extreme ceses of curvature near
the extremitles of the chord., On the other hand, for
normrl ceses the method 1s sufficlently accurate for
8ll technicel purposes.

Lengley Memorial Aeronsuticel Laborstory
National Advisory Committee for Aeronautlics
Langley Field, Va.
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APPENDTX
COMPUTATIONS IN DETATL

Tebles I and II contaln the detalled computations
for an NACA 16-5XX airfoll section for the original air-
foll and for the alrfoll extended 20 percent. Tables III
and IV contein the detalled computations for a standard
6-perccrnt-thick Clark Y airfoil with and without an
extended tralling edge of 20 percent. Table V gives the
camber ordinates for NACA lé-series airfoll sectlons
and table VI,the camber ordindtes for Clark Y sections.

Each step 1n obtalning the results for the
NACA 16-5XX section without tralling-edge extenslon 1s
explalned 1n detall for table I. The steps that are
different because the alrfoll 1s extended are explained
for teble II.

Example I - Characteristics of NACA 16-5XX Airfoil

The numbers In parentheses refer to column numberas
in tehkle I.

(1) By use of table V, select values of x to be
used.

(2) Subtract values of x from unity.

(3) Multiply (1) by (2).

(4L) Take square root of (3).

(5) Obtain ordinate of mean cember line from
table V by multiplying values 1n table V by

the deslign 1lift coefficient of 0.5 and convert
to fractions instead of percent.

(6) Divide (5) by (k).
(7) Divide (6) by (1).
8. Plot (7) against (1) between the wvalues of

x = 0.,0125 and x = 0.95 and extend the
curve to x = 1.0 as shown in flgure 7.
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9. Integrate with a planimeter hetween the limits
of x=0.0125 and x = 1.0. .

.10. Calculate A4eyxy from equation (5):

2 2 '
= + = - ¥1)
Aey o xl[y:. 3 le' ]

wken
X1 0.0125

Yq = 0.00268
¢ = 0.6223) x 0.5 = 0.31117
then

2
A€y = el 0.00268 + 0.00081
N 0.1118n( )

= 0.0199

11. Calculate ‘N from equation (2) and the results
cf steps 9 and 10:

1
CN = —l ; dx = AGN
0.0125
or
ey = ~2192 0 0199
= -0.0789

12. Since the NACA 16-5XX airfoil has a symmetrical
camber line, .

€N = =€

13, From equation (7) calculate angle of zero 1lift
- az ¢
o

61 = -57:3€p
= -57.3(0.0789)-
‘ = .];.52° -

1;. From equation (8) calculate the ideal angle of
attack ag:’

ap = ~28.6(cp + €x)
= 0°
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15. Calculate the difference Gy - aj,:
= 0 + L.52
= j.52°

r - %%

Example II - Characteristics of NACA 16-5XX Airfoil
with 20-Percent Extenslon

Calculatlons are presented for the characterlistics
of the NACA 16-5XX airfoll with a 20-percent extension
set at an angle of 7.38° to the line joining the ends
of the mean camber line. Thls angle 1s equal to the
angle formed by a stralght line drawn through the y
ordinate at 90 percent of the chord and the end of the

mean camber line.

The numbers 1ln parentheses refer to column numbers
in table II.

(1) Select values of xp, (abcissa of airfoll with
extended additions).

(2) Obtaln values of y, from table I (ordinate
of airfoll with eXtended additions).

(3) Compute Ay from

- X2
A - W —————
V= Ve 15
where ¥, 1s the ordinate b at Xy = 1.2,
T
(4) ada (2) and (3).
(5) convert () to unit chord by dividing by 1.2.
(6) Convert (1) to unit chord by dividing by 1.2.
7. Add a station at x = 0,9875. The y ordinate
1s obtalned by proportion since the extension
1s a stralght line,
8. When the coordinates of the mean camber line
are obtained from the base of a stralght lilne
Joining the ends of the mean camber line of

the extended airfoll, the example proceeds
in the same manner as example I until ey 1s

obtalned. .
-
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=  TABLE I.- CALCULATIONS FOR NACA 16~5XX -AIRFOIL

(1) (2) (3) () (5) (6) (7)
- 1l -x |x(1-x) \E!-(-m P= P/x
* hheojoxel G T Tﬁ%

. 5)/(h) | (6)/(1)
0 1.00° {0 0 0 ‘
.0125 .9875| .0123} .1109 .0027] 0.0242 |1.936
.05 .95 0751 .2179 .0079] .0363 .726
.10 .90 .0900! .3000 .0129§ .0L431 431
.20 .80 .1600| .l 000 .0199} .Q498 249
.30 .70 .2100{ .L4L583 02431 .0530 177

. Jj0 .60 .2hoo| .L899 .0268] .0547 137
.50 .50 .2500{ .5000 02761 .0552 .110
.60 110 .2L00{ 1,899 0268} .0547 .091
.70 <30 2100| .4583 0213 .0530 .076
.80 .20 1600} .L000 .0199] .a98 .062
.90 .10 .0900| .3000 0129} .a}31 .o,8
95 +05 04751 .2179 .0079 0363 .038
1.00 |0 0 0 0
e L R

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS
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TABLE II.- CALCULATIONS FOR NACA 16-5XX AIRFOIL WITH 20-PERCENT TRAILING-EDGE EXTENSION

(3)

(1) (2) (L) (5) (6) (1) (8) (9) (10) (11) (12)
Ay = - P= .
(xz;}'(z) )| 7 S R et LTSI R S P
- S—— + -
X2 J2 T2p\1. 5 () JETY ) x (1) 5 Vx(1 - x) x 1-x
0.0259 5 1.2 | 1.2 v (5)/19) [(20)/(6) | (10)/(T)
| 1.2 _ :

0 0 0 0 0 0 1.0000 0 0 :
.0125| .0027 . 0003 «0030 | .0025( .o104 .9836 .0103 .1015 0.0246 2. 365 0,025
.05 .0079 .0011 ,0090 | ,0075| .o417| .9583 .0l00 .2000 <0375 . 39 039
.10 .012% .0022 L0151 | .0126 | .0833! ,916 076l .2764 . zg S4T .ozo
.20 .0199 . 0043 0 .0202 | .1667| .833 .1389 3727 .05 ' .523 . 065
.30 .oa%g '0082 .0308 | .02571 .2500 Z 00 1875 4330 .02912 .2 .07
Ji0 .02 .00 .033& . 0295 333 ,6667 .2222 L7 .062 .1 .+ 09|
.50 .0226 .0108 038 | .0320| .L16T7] .5833 L2351 1931 .06%9- .156 111
.60 .0268 ,0129 .0397 | .0331 | .5000| ,5000 .2500 .5000 .0662 .132 .132
.70 .0213 .0151 L0339, | .0328 | .5833| L1167 231 01931 «0665 .11% .160
.80 .0199 0172 L0371 | L0309 1 .6667) <3333 .2222 .h;m .0652 .0 . g
.90 .0129 .019 .032 .0269 7500{ ,2500 .1875 11330 .062 .0 .
.95 .007% .02 .028)2 0237 917| .2083 <1649 L4061 .058 .07 -+ 280

P e B S| ER) R | B8 | M d |

1.10|-.0025]  .0237 * 003l 387 ~0125 so0l2 1109 <0126 .013 1.008

1.20 |-.0259 .0259 0 1.00001(0 0 0 ‘

) - (-] - o
¢y =-0.0871 A, = =369 ar = & = L3k
€ = 0,06l a; = 0.65° Cygt = 7.38°

NATIORAL ADVISORY

COMMITTEE FOR AERONAUTICS
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TABLE III,- CALCULATIONS FOR CLARK Y AIRFOIL WITH 1,83-PERCENT CAMBER
CORRESPONDIHG TO STANDARD 6-PERCENT THIOK CLARK Y ATRFOIL

(1) (2) (3) (&) (5) (6) (1) 8)
1-x|x(1-x) |Vx(1-x)| P = P/x T-E;
* Lowlwxe| e | 7 D (6)/(1) |t6)/(2)
(5)/(4)
0 1.00 | o 0 0
.0125| .9875 | .0123 .1109 | .0015| 0,0135 | 1,080 | 0.014
.05 | .95 +O4T5 .2179 | .0056 [ .0257 514 | .027
.10 | .90 0900 .5000 | .0096 | .0320 .520 | .036
.20 | .80 1600 .4000 | o148 | .0370 .185 | .046
.30 | .70 +2100 .4583 | .o174| .0380 o127 | .054
.40 | .60 «2400 .4899 | .0183| ,0374 | .o94 [ .062
.50 | .50 .2500 .5000 | .0178| .0356 o7 | .on
.60 | .40 «2400 .4899 | .0161| .o329 .055 | .o082
.70 | .30 .2100 .4583 | .o132 | .o288 041 | .096
.80 | .20 1600 .4000 | .0096 | .0240 .030 | .120
.90 | .10 0900 .3000 | ,0051[. o170 019 | .170
.95 | .05 + 0475 .2179 | .0026 | .OL19 L0135 | ,238
.9875| 0125 | L0125 .1109 | .0007 | .0063 .006 | .504
1,00 |0 0 0 0
€y = =0,0481 » =1,8:
tg= 0,038 a;I - tlu.i:: o = Sy = 2¥°

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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TABLE IV.- CALCULATIONS FOR CLARK Y AIRFOIL WITH 1.83-PERCENT CAMBER
AND A 20-FPERCENT TRAILING~EDGE EXTENSION

(1) (2) (3) ) (5) (6) (7) (8) 9) (10) (11) (12)
Ay = Pm :
iq y x 1-x |x(1-x) «xu - x) P P
x v =¥ (~==F (2) + (3) ¥y x l-x
2 2 ZT(;.Z by | Qa) TRy
1.2 1.2 l- (6) (6) x (7 V(B) x(1 x) (10)/(6) (10)/(7) R
0.0102 (5)/(9) -
1,2 2
0 0 0 0 ] 1,0000 0 0
.0125{ .001 .0001 .0016 .0013( 0104 | 9896 ,0103 .1015 0.0128 1.231 0.013
.05 .005 . 0004 . 0060 .0050| .0417| 9583 .0400 .2000 .0250 -600 .026
.10 . 0096 .0009 .0105 .0087| .0833| ,9167 .076l 2764 .0513 .378 'Oﬁt
.20 L0148 .00 .0165 L0137| 1667 | 8333 .1389 o3727 .036 221 .
0 .01gu .002 .0200 .0167| 2500} 7500 .1875 L1330 .0386 .154 .051
0 L0l . 003l .0217 .0181 .3233 6667 .2222 L7 . 038l .115 . 058
.50 .0178 L0043 .0221 L0184 67! .5833 2431 1931 L037 .090 . .0
60 .0161 .0051 .0212 .0127 +5000| 5000 .2500 .5000 . 035 .07 - LOT1
) .0132 .0060 ,0192 2825 J1167 203 01931 .03 056 078
0 .0096 .0068 .01 .0137 «3333 .2222 A7l .0291 . . 087
.90 .0051 .0077 .012 .0107 .1500 +2500 .1875 1330 L0207 .03 .099
.95 .0026 .0081 .0107 .0089 91; .2083 .16%9 11061 .0219 .02 .105
1.00 |o .008 .0085 .0071 1667 .13 .3727 .0191 .02 .112
1.10 }-.0051 .009 .0043 . 0036 .91 7] .0833 .0763 2764 .0130 .0
.ooou «9875 | 0125 .0123 .1109 .0036 .ool
1.20 |-,0102 .0102 ) 1,0000 [0 0 0
ey = -0.0490 a, = -1.59° ar - q = 2.20°
€ep = 0,0278 ar = 0.61° ) Oyey = 2-9°

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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TABLE V.- CAMBER-LINE ORDINATES FOR

THE 16-SERIES AIRFOIL SECTIONS

@11 values measured 1n percent chord from chord line;
11ft coefficlent, 1.0]

Statlon Ordinate. Slope
o 0 0.6223);
1.25 535 3LTTL
2.5 .9350 .29155
5 1.580 23432
7.5 -+ 2.120 .19993

10 2.587 .174.86

15 3.36L .1380

20 - 3,982 .11032

25 © LTS . 08743

30 1.861 06743
L0 5.356 .03227
50 " 5.516 0

60 . 5.356 . .03227
70 ) .861 06743 -
80 | 3.982 .11032
90 ‘ 2.587 17486
95 1.580 23,32
100 0 62231

NATTONAL ADVISORY
COMMITTEE FOR AERONAUTICS

-
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TABLE VI.- MEAN-CAMBER AND THICKNESS ORDINATES FOR

FAMILY OF AIRFOILS BASED UPON CLARK Y SECTION
[hll velues are given in percent of wing chord]

Statlon |[Me an-ca.mbe‘z_'_ ordinete ! - Semithickness
o -0 0
1.25 ,oegé : . .1504
2.5 1597 2150
5 .3040 2979
7.5 L4189 : .3513
10 .5185 3923
15 .6812 | 50l
20 .8062 L8L2
30 9457 «5000
Lo 1.0000 JL872
50 9732 Lli96
60 .8778 .3910
70 7223 <311
80 ' .5207 .2231
90 2785 1197
95 «1435 .0637
100 0 Q
L.E. radiua: 0.009t2. T.E. radiuss 0.005t.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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X

Filgure 1.~ Calculation of Aey

for x

0 to x = 0.,0125,

Y=y + % (cxq - ¥) ::::>
Slope through origin“\ﬁ;”/,/f <;é
V/ s
/// // /1|\ cx1
| —
| —
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NACA ACR No. L4IZ21 Figs. 2,3
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Figure 3.~ Clark Y airfoil with 1.83~percent camber; 20-psrcent extension.
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Figure 5.- Clark Y airfoil with 5.49-percent camber; 4O-percent extension.
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Pigure 6.- Comparison chart.
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Pigure 7.- Graphical Integration for NACA 16-5XX airfoll.
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Figure 8.- Graphical integration for NACA 16-5XX airfoil with

x

20-percent extension.
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